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We analyzed data from 20,241 nonsurgical patients receiving mechanical ventilation at 37 acute care hospitals in the Acute Physiology and Chronic Health Evaluation clinical information system from 2002 through 2003. Multivariate analyses were performed to adjust for the severity of illness and other differences in the case mix.
Results
An increase in hospital volume was associated with improved survival among patients receiving mechanical ventilation in the intensive care unit (ICU) and in the hospital. Admission to a hospital in the highest quartile according to volume (i.e., >400 patients receiving mechanical ventilation per year) was associated with a 37 percent reduction in the adjusted odds of death in the ICU as compared with admission to hospitals in the lowest quartile (≤150 patients receiving mechanical ventilation per year, P<0.001). In-hospital mortality was similarly reduced (adjusted odds ratio, 0.66; 95 percent confidence interval, 0.52 to 0.83; P<0.001). A typical patient in a hospital in a low-volume quartile would have an adjusted in-hospital mortality of 34.2 percent as compared with 25.5 percent in a hospital in a high-volume quartile. Among survivors, there were no significant trends in the length of stay in the ICU or the hospital.
T he association between the number of patients treated in a hospital (hospital volume) and patient outcome is well established for numerous medical and surgical conditions. 1 This relationship has been extensively documented in the surgical literature, where higher patient volume is associated with improved survival in situations involving trauma care, cardiac surgery, ruptured aortic aneurysms, and several types of cancer surgery. 2-6 Select medical conditions, including acute myocardial infarction 7 and the acquired immunodeficiency syndrome, 8 are also thought to have outcomes related to the volume of patients seen. Reasons for the relationship between volume and outcome in health care are unknown but may stem from either increased provider experience or selective referral to providers with better outcomes. 9 Acute respiratory failure, like other conditions with established volume-outcome relationships, is common and is associated with a high mortality rate. It is estimated that more than 300,000 patients receive mechanical ventilation in an intensive care unit (ICU) in the United States each year; depending on the risk factor for respiratory failure, the in-hospital mortality can approach 50 percent. [10] [11] [12] Patients receiving mechanical ventilation also require a complex, well-organized, and technically sophisticated level of care. Consequently, it is likely that a relationship between hospital volume and outcome exists for patients receiving mechanical ventilation. Previous studies addressing this issue did not show an association between volume and outcome for general patients in the ICU, but those studies did not focus on patients who were receiving mechanical ventilation and used data from 1991 through 1997, which may not reflect current practice. 13, 14 The purpose of the present study was to examine the relationship between hospital volume and outcome among patients receiving mechanical ventilation in the ICU. We used data from the Acute Physiology and Chronic Health Evaluation (APACHE) clinical outcomes database to examine mortality rates and the length of the stay at hospitals that care for a high volume of patients receiving mechanical ventilation as compared with those that care for a low volume of such patients.
Me thods

Study design
We conducted a cohort study with the use of the APACHE clinical database, which prospectively collects information on patients in 104 ICUs at 45 hospitals in the United States as part of its predictive capabilities. The APACHE database (Cerner) supplies data on risk-adjusted outcomes to participating hospitals for benchmarking purposes. Local, trained clinical coordinators supervise data collection. The primary diagnosis at admission, age, location of the patient before admission to the ICU, length of hospital stay before admission, and ventilator status, as well as detailed clinical and physiological variables, are collected in the first 24 hours after admission to the ICU. A standardized three-phase training session at each site ensures that data-collection techniques and definitions of data elements are consistent among the sites. The validity of clinical and laboratory values is checked with the use of specialized automated software that prevents inconsistent or implausible values. To ensure reliability in coding and data entry, each site undergoes a central audit after the first 100 admissions. Subsequent audits of at least 4 percent of patients for purposes of reliability occur quarterly at the local level.
Patient selection
Detailed demographic and physiological variables were available for 122,498 patients admitted to 104 ICUs at 45 hospitals for the calendar years 2002 and 2003. All patients receiving mechanical ventilation on admission to the ICU were included in this analysis. To avoid counting multiple hospital outcomes for a single patient, only the first admission to an ICU for each patient was considered. To focus the analysis on care in the ICU, and because a relationship between hospital volume and outcome has already been established for many surgical procedures, patients receiving mechanical ventilation after a surgical procedure (as determined by the diagnosis at admission and coded by the admitting nurse) were excluded. We could not exclude patients whose primary diagnosis was nonsurgical but who may have undergone a surgical procedure during their stay in the ICU. In addition, 21 ICUs at 12 of the hospitals did not collect or submit data to the APACHE database and are not represented in this cohort. Outlier hospitals at the extremes of annualized hospital volume (i.e., <50 or >1000 patients receiving mechanical ventilation per year, selected by examining a histogram of the volume distribution) were excluded so that they could not overly influence the results.
Variables and risk adjustment
The exposure variable was annualized hospital volume, defined as the mean number of patients receiving mechanical ventilation per year during the two-year study period. Hospital volume, rather than ICU volume, was chosen as the exposure, since staff and technology are shared among ICUs within a hospital; since the policy implications of the relationship between volume and outcome include selective referral to hospitals, rather than to specific ICUs within a hospital; and since ICU volume is collinear with other variables used to adjust for differences in case mix (e.g., type of ICU) and cannot be included in the same riskadjustment model. The primary outcome variables were ICU and hospital mortality. Patients who were transferred directly from the ICU to other institutions (2.7 percent of total) were classified as alive at discharge. The lengths of stay in the ICU and the hospital among survivors were examined as secondary outcomes. The association between hospital volume and outcome was examined with volume as a continuous variable, in which the reference category is the lowest-volume hospital, and after categorizing volume into quartiles, in which the reference category is the lowestvolume quartile.
We addressed potential confounding due to variation in the case mix by controlling for the severity of illness and additional variables related to the outcome of critical care. The severity of illness was determined according to the APACHE III score (range, 0 to 299, with higher scores indicating a greater severity of illness and risk of death) on the day of admission. APACHE III is a validated summary score that assigns weighted points for the patient's age, coexisting medical conditions, and physiological derangements such as in vital signs, serum chemical values, arterial blood gas values, and the Glasgow Coma Score. 15 The list of the variables that contribute to the APACHE III score and their weights is available elsewhere. 16 Other risk-adjustment variables included the length of the hospital stay before admission to the ICU, primary diagnosis at admission as assessed by the admitting nurse, the preadmission location of the patient, the academic status of the hospital, the type of ICU, the geographic region of the hospital, and the presence or absence of intensivists in the ICU. 17-20 All variables were assessed as part of data collection at the point of care, except for the presence or absence of intensivists, which was assessed by a secondary survey from all the ICUs except those excluded from the study as outliers. On the basis of this survey, each ICU was classified into one of the following four staffing models according to previous definitions: no intensivist available, optional intensivist consult, mandatory intensivist consult, or primary transfer of care to the intensivist Bivariate analysis comparing demographic characteristics across the quartiles of hospital volume was performed with analysis of variance for continuous variables and the chi-square test for categorical variables. Multivariate modeling was performed with logistic regression for mortality and linear regression for length of hospital stay, after adjusting for covariates specified a priori as potential confounders of the relationship between hospital volume and outcome. For the assessment of volume as a continuous variable, we used the fractional polynomial method, an iterative estimation process that determines the best-fitting polynomial-regression function. 22 This method makes no underlying assumptions about the relationship between hospital volume and outcome and thereby averts the potential bias involved in prespecifying the functional form. Generalized estimating equations with robust variance estimators were used to account for inhospital clustering. 23 To illustrate the absolute magnitude of the effect of volume on mortality, we performed conditional standardization of the regression results for a patient with median and modal values for the covariates in the model. We assessed the sensitivity of our findings by repeating the primary analysis under varying assumptions about the study population in a sensitivity analysis for mortality in the ICU. Statistical analyses were performed with Stata software, version 9.1. All aspects of this work were approved by the human subjects review committee at the University of Washington.
R esults
A total of 48,555 patients received mechanical ventilation on admission to study hospitals in 2002 and 2003. A flowchart of patient entry into the study is shown in Figure 1 . The final analysis included 20,241 patients receiving mechanical ventilation at 37 medical centers. Annualized hospital volume ranged from 87 to 617 such patients per year. The median was 274 patients per year (interquartile range, 150 to 391).
Characteristics of the hospitals and patients are shown in Table 1 . Admitting hospitals were diverse in academic status, geographic region, and number of ICUs. As compared with hospitals with low volume, hospitals with high volume were more likely to have house staff in the ICU, tended to have a larger number of ICUs per hospital, and had more hospital beds. Characteristics of the hospitals were similar to those in a previous survey of the organization of ICUs in the United States, although smaller hospitals were underrepresented in the present study. 24 There were a small number of nonparticipating ICUs, which did not vary significantly across quartiles of volume. The severity of illness was greater at high-volume than at low-volume hospitals; the mean APACHE III score steadily increased with each quartile of hospital volume. Patients at high-volume centers were also more likely to have been transferred from another hospital, suggesting that high-volume hospitals were referral centers. Patients received care in a variety of types of ICUs; patients at lowvolume centers were more likely to be admitted to a multidisciplinary ICU, whereas those at highvolume centers were more likely to be cared for in specialty ICUs.
After adjustment for the severity of illness, the location of the patient before admission to the ICU, type of ICU, geographic region, preadmission length of stay, academic status of the hospital, diagnosis at admission, and the presence or absense of intensivists in the ICU, an increase in hospital volume was associated with a significant reduction in mortality in the ICU and the hospital. Figure 2 shows the effect of hospital volume when examined as a continuous variable in a multivariate model. Improvement in survival is seen throughout the distribution, as volume in- creases from the lowest value of 87 patients per year to the highest value of 617 patients per year. An examination of hospital volume after categorization into quartiles showed a similar reduction in mortality in both the ICU and the hospital ( Table 2) . As compared with patients in the lowest quartile (quartile 1) of hospital volume, patients in quartiles 2, 3, and 4 had a reduction in the adjusted odds of death in the ICU of 25 percent (P = 0.01), 33 percent (P = 0.01), and 37 percent (P<0.001), respectively. Adjusted hospital mortality was also reduced across quartiles of volume, with admission to hospitals in the highest quartile associated with a 34 percent reduction in the adjusted odds of death as compared with the lowest quartile (odds ratio, 0.66; 95 percent confidence interval, 0.52 to 0.83; P<0.001). According to conditional standardization, the absolute risk of death in the hospital for a selected typical patient was 34.2 percent in the lowestvolume quartile and 25.5 percent in the highestvolume quartile.
Among survivors, there was no clear association between hospital volume and the length of stay in either the ICU or the hospital. As compared with the lowest quartile of hospital volume, higher volume was associated with a slightly shorter length of stay in the ICU in quartiles 2, 3, and 4 (mean difference, −0.7 day, −1.1 days, and −0.4 day, respectively). However, this difference was significant only for quartile 3 (P<0.01). Similar relationships were seen for the length of hospital stay, although no differences were significant.
To explore the sensitivity of our findings, we repeated the analysis with varying assumptions about the patient population (Table 3) . Our results were not affected by the inclusion of outlier hospitals or the exclusion of patients with cardiac conditions, transfer patients, or 10 additional hospitals with ICU beds not covered by the APACHE system.
Discussion
These data demonstrate an association between an increase in hospital volume and a lower riskadjusted mortality among patients requiring me- the lowest quartile of hospital volume served as the reference group. ‡ P = 0.01. § P<0.001. ¶ P = 0.17. ∥ P = 0.04. ** The absolute magnitude of the effect of hospital volume on mortality was calculated with the use of conditional standardization of the regression results. Adjusted conditional mortality (with 95 percent confidence intervals) shows the predicted risk of death for a patient at approximately the 50th percentile of risk in each quartile of volume -in this case a 60-year-old patient with pneumonia and an APACHE III score of 70 who was admitted from the emergency department to a multidisciplinary ICU in a community hospital with high intensivist staffing in the southern region of the United States. * Odds ratios and 95 percent confidence intervals (CIs) are presented comparing the highest quartile of hospital volume (401 to 617 patients per year) with the lowest quartile of hospital volume (87 to 150 patients per year). Models were adjusted for age, APACHE III score, chronic coexisting health conditions, preadmission length of stay, geographic region, teaching status of the hospital, preadmission location of the patient, diagnosis, type of ICU, and staffing of intensivists. The model that includes hospitals that were outliers in terms of volume (22,836 patients) does not include intensivist staffing, since the outlier hospitals were not surveyed. Confidence intervals take into account clustering according to center. † Hospitals that were outliers in terms of volume were seven hospitals that were excluded because their annualized volume was less than 50 patients per year (99 patients) and one hospital that was excluded because its annualized volume was greater than 1000 patients per year (2497 patients). ‡ This model excludes patients who had a primary diagnosis at admission of acute myocardial infarction or unstable angina. § This model excludes patients who had a primary diagnosis at admission of acute myocardial infarction, unstable angina, congestive heart failure, cardiogenic shock, or pericardial-related syndromes. ¶ This model excludes patients who were admitted to a surgical ICU regardless of diagnosis. ∥ This model excludes 10 hospitals at which not all ICU beds were covered by APACHE.
chanical ventilation. The effect was seen after controlling for relevant confounders and after a sensitivity analysis in which a variety of patient populations and modeling assumptions were tested. Extrapolating from available estimates, at least 95,000 patients per year with respiratory failure receive mechanical ventilation at U.S. hospitals in the lowest two quartiles according to volume. 10 There are many possible causes of a relationship between hospital volume and outcome among patients receiving critical care. High-volume hospitals may improve outcomes by implementing a broad range of best practices, including higher nurse-to-patient ratios, multidisciplinary care teams, a ventilation strategy involving a low tidal volume for lung injury and protocols for sedation, weaning, and glycemic control. [25] [26] [27] [28] [29] [30] Clinicians at high-volume hospitals may also gain experience in the care of the critically ill, which could translate into improved rates of survival. More experienced as opposed to less experienced clinicians may be better at recognizing and treating the complications of critical illness or may be better at translating evidence into practice.
The relationship between hospital volume and outcome that we observed was independent of academic status and staffing by trained intensivists. Multiple observational studies have shown that the presence of a trained intensivist is associated with a reduced rate of death in the ICU. 19 As a consequence, some groups advocate the use of the staffing of intensivists as a measure of hospital quality. 31 Our findings suggest that hospital volume is another important determinant of outcome among critically ill patients requiring mechanical ventilation.
More information is needed about the structure, process, and organization of care within high-and low-volume centers to identify the best way to improve outcomes. If the relationship between volume and outcome is determined by factors that are exportable, such as protocols or multidisciplinary care models, then low-volume centers might achieve the same outcome as highvolume centers by adopting these practices. 32 An alternative strategy, used in trauma and neonatal care, would involve regionalization of care for patients requiring mechanical ventilation. [33] [34] [35] Although our data provide support for a regionalized approach to providing critical care, the overall effect of such a strategy on patient outcome is unknown.
Like all studies that demonstrate an association between volume and outcome, our analysis cannot determine the direction of the association. 9 Instead of higher-volume hospitals' providing better outcomes, higher-quality hospitals might attract more patients on the basis of superior care. High-performing hospitals, however, have not reliably shown an increase in market share when performance data are publicly reported. 36 Our results differ from those of two previous studies that did not show an association between volume and outcome among critically ill patients. 13, 14 Unlike those studies, we limited our analysis to patients who were receiving mechanical ventilation. Many patients are in the ICU for observation purposes only, especially those not requiring mechanical ventilation or other interventions. An association between hospital volume and outcome would be unlikely in a population of patients who are at low risk for death and who do not receive active intervention in the ICU. The previous studies evaluated patient populations with a lower mortality rate and severity of illness than our cohort. In addition, the previous studies used data from 1991 through 1997, which may not reflect current practice in the ICU.
Limitations of our study include potential biases due to selection, referral, and coding. Study hospitals were not a random sample of all hospitals in the United States. They participated in the APACHE system to receive regular information about risk-adjusted outcomes for benchmarking and quality control. Small hospitals were underrepresented, and all the participating hospitals had access to intensivists.
The fact that we observed a volume-outcome relationship in this cohort suggests that the effect of hospital volume on the rate of survival might be even greater if smaller hospitals with worse outcomes were included. It is also possible that the association was driven by a small number of low-volume hospitals with poor outcomes. This is unlikely, however, for the following reasons: the smallest hospitals were excluded from the analysis; a significant association was seen across the quartiles, which grouped together the 10 centers with the lowest volume; and a dose-response relationship was observed across the ranges of volume.
Patient-referral practices could influence the results of this study. In this cohort, high-volume hospitals were both more likely to receive patients who were transferred from another hospital and less likely to transfer patients from their ICUs than were other hospitals. Because patients transferred to ICUs have a higher rate of death than predicted on the basis of severity-of-illness measures, and because patients transferred from ICUs do not all survive, the referral bias of this study would tend to make high-volume hospitals seem to have worse risk-adjusted mortality. 20 Therefore, the direction of the referral bias of this study strengthens the observed association of lower risk-adjusted rates of death with higher hospital volume.
The improved risk-adjusted outcomes at highvolume hospitals may simply reflect more accurate coding or even "up-coding" of the severity of illness (i.e., designating an illness as more severe than it is) at these centers. 37 Outcomes at APACHE sites, however, are not publicly reported, reducing the incentive to up-code the severity of illness. The extensive procedures for training, standardized data entry, and quality control at APACHE sites further reduce the likelihood that differences in coding affected our risk adjustment or the results.
For nonsurgical patients with acute respiratory failure who are receiving mechanical ventilation, care at high-volume hospitals is associated with improved survival in the ICU and in the hospital. This finding was independent of the academic status of the hospital or the presence or absence of intensivists in the ICU. Our results suggest that clinician experience or specific processes of care common to high-volume centers may be associated with the outcome among patients requiring mechanical ventilation. Additional research is needed to determine these care processes and assess the ability to export them to low-volume centers, as well as to investigate the feasibility of regionalizing care in the ICU for select high-risk patients.
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